The vegetative tissues of most angiosperm species, including Eucalyptus grandis, cannot withstand the excessive loss of tissue water required for successful cryopreservation without incurring extensive damage. Tolerance to water loss may be increased and the critical water content of the material depressed by the application of abscisic acid (ABA) or exposure to osmotic stress. Some plants, however, respond to such treatments by becoming increasingly resistant to water loss. This study demonstrated that the responses of E. grandis in vitro axillary buds tends towards the latter, since ABA pretreatment (5 mg/l ABA for 5 days) resulted in a significantly higher water content and higher survival in ABA-pretreated buds after 20 min drying over activated silica gel (at ambient conditions) than in non-treated buds. E. grandis buds also responded positively to a combination of osmotic preculture (0.4 M, 0.7 M and 1 M sucrose and glycerol), and 5 mg/l ABA, which resulted in the maintenance of viability for significantly longer periods at reduced water contents than sucrose and glycerol preculture alone. The results (including ultrastructural observations of the mersitem dome in treated axillary buds), therefore, demonstrated the intolerance of Eucalyptus in vitro axillary buds to excessive water loss, and explained the recalcitrant nature of the buds to cryopreparative regimes, since the lowering of water content is essential for reducing the formation of potentially lethal ice crystals.
Introduction
In vitro axillary buds are ideal explants for the purpose of long-term maintenance of clonally propagated species through cryopreservation, mainly due to their inherent genetic stability (Reed, 2001) . However, such material, being highly metabolically active and in vitro derived, is also highly hydrated and may, therefore, be prone to extensive freezing injury.
Freezing injury may be reduced or even prevented if the water content of the buds is reduced to levels low enough to minimize or prevent ice crystal formation (Mazur, 2004) . Desiccation (physical or chemical) is, therefore, a fundamental component of cryopreservation strategies (Mazur, 2004) . However, with the exception of resurrection plants which are able to tolerate extreme desiccation stress (Farrant, 2000; Bartels and Salamini, 2001) , the vegetative tissues of most angiosperm species are not able to tolerate excessive loss of cellular water as required for successful cryopreservation, without a significant impact on viability (Reed, 2000) .
Desiccation tolerance may, nevertheless, be increased by inducing adaptive metabolism, i.e., the triggering of gene expression leading to increased tolerance to various stresses (Guy, 1990; Browse and Xin, 2001 ). This may be achieved by the application of abscisic acid (ABA), which increases stress tolerance by triggering the production and accumulation of various biomolecules, including protective proteins such as Late Embryogenesis Abundant (LEA) and LEA-like proteins (Ingrams and Bartels, 1996; Tunnecliffe and Wise, 2007) , amino acids such as proline (Savouré et al., 1997; Verslues and Bray, 2006) , and/or certain sugars (Nayyar et al., 2004) .
Another method of inducing desiccation tolerance, especially in preparation for cryopreservation, is osmotic preculture, involving the use of growth media containing elevated concentrations of sugars (e.g. sucrose and glucose) and sugar alcohols such as glycerol and mannitol (reviewed by Engelmann, 1997) . Exposure of encapsulated buds to such media results in a gradual decrease in sample water content as a result of the osmotic stress imposed (Seijo, 2000) . Osmotic stress and associated water loss may also trigger an increase in ABA and proline production (Suzuki et al., 2005) , as well as an increase in the total protein content (Panis et al., 2002) . The effects of osmotic preculture in increasing freezing tolerance have also been demonstrated in various Eucalyptus species. For example, Travert et al. (1997) reported an improvement in the freezing tolerance of E. gunni × globulus and E. cypellocarpa × globulus cell suspension cultures after preculture with various sugars, while Blakesley and Kiernan (2001) reported increased survival of cryopreserved in vitro axillary buds of E. grandis × camaldulensis after step-wise sucrose and glycerol preculture. Therefore, there existed the possibility that strategies such as ABA pretreatment, drying, and/or osmotic preculture could induce a measure of desiccation tolerance in the buds of E. grandis, a subtropical eucalypt of great economic importance in South African commercial forestry, thereby allowing for successful cryopreservation. Consequently, this study was undertaken to determine the effects of drying, with and without ABA pretreatment and osmotic preculture, on the ultrastructure of E. grandis buds.
Materials and methods

Establishment of in vitro cultures
Nodal explants obtained from rooted cuttings that were maintained in the greenhouse (25°C ± 10°C) were surfacedecontaminated with 0.2 g/l mercuric chloride with a drop of Tween 20 for 10 min, followed by thorough rinsing in sterile, ultrapure water (MilliQ®) and sterilization in 10 g/l calcium hypochlorite for a further 10 min. Thereafter, the explants were rinsed in sterile ultrapure water, trimmed and plated on 20 ml of semi-solid multiplication medium (Murashige and Skoog, 1962 culture medium supplemented with 25 g/l sucrose, 3 g/l Gelrite®, 0.35 mg/l benzylaminopurine [BAP], 0.01 mg/l naphthylacetic acid [NAA] , 0.1 mg/l biotin and 0.1 mg/l calcium pantothenate, pH 5.6-5.8 [Watt et al., 1995] ) in 100 ml glass culture bottles. Emergent buds were excised from the nodal cultures one week after initial culture and subsequently transferred onto fresh multiplication medium. Shoot clusters were established within eight to ten weeks, after which they were transferred onto MS (Murashige and Skoog, 1962) medium containing 25 g/l sucrose and 3 g/l Gelrite® but devoid of plant growth regulators (acclimation medium) for 1 week prior to use in any experiments. All cultures were maintained at 25°C ± 3°C, 14 h light, 100 µmol m − 2 s − 1 photosynthetic photon flux density (PPFD).
Viability and vigour assessments
Viability, indicated by percentage survival was assessed after each drying period. All buds, regardless of the treatment applied, were plated for recovery on acclimation medium. Twenty buds per treatment were plated in 90 mm Petri dishes containing 20 ml of acclimation medium. These were sealed with Parafilm™ and maintained in the growth room under the standard conditions. Viability and vigour (the number of buds produced per bud plated within three weeks) were recorded 3 weeks after plating.
Determination of ABA pretreatment conditions
Acclimated E. grandis shoot clusters were transferred to and maintained on acclimation medium containing 2.5, 5 or 10 mg/l ABA for 7 days under normal growth room conditions. The clusters were examined daily for signs of stress, indicated by yellowing or browning of the leaves. The optimal concentration and treatment period was determined based on highest concentration tolerated for the longest time.
Physical desiccation
Desiccation of unencapsulated buds
Acclimated E. grandis shoot clusters were transferred to acclimation medium containing 5 mg/l ABA and maintained at normal growth room conditions for 5 days. Axillary buds (1 mm to 2.5 mm in length) were isolated from both acclimated shoot clusters and shoot clusters maintained on ABA. Isolated buds were transferred to aluminium foil boats (2.5 cm diameter) and placed over 400 g of activated silica gel in a 4500 cm 3 desiccator for varying periods (20, 40 and 60 min). Thereafter, the water content was determined gravimetrically on a fresh mass basis (FMB). The average water content on a dry mass basis (DMB) was also calculated and is reported in parentheses next to the fresh mass value. In addition to water content, viability and vigour were assessed after each drying treatment.
Encapsulation following desiccation
Axillary buds dried over silica gel for 20 min were encapsulated in 50 µl calcium alginate beads according to Fabre and Dereuddre (1990) . Thereafter, the beads were rinsed in sterile water, blotted dry and plated on acclimation medium, or used for further experimentation.
Osmotic and physical desiccation
Axillary buds, excised from shoot clusters maintained on acclimation for 5 days, were encapsulated in calcium alginate beads as described above. These encapsulated buds were then subjected to an encapsulation-desiccation regime modified from Blakesley and Kiernan (2001) . The buds were gradually exposed to increasing concentrations of sucrose and glycerol, by maintaining the beads on semi-solid MS medium containing 3 g/l Gelrite® and 137 g/l (0.4 M) sucrose and 37 g/l (0.4 M) glycerol (pH 5.6-5.8) for 3 days followed by transfer to MS medium containing 240 g/l (0.7 M) sucrose and 65 g/l (0.7 M) glycerol and 3 g/l Gelrite® (pH 5.6-5.8) for an addition 3 days. Finally buds were transferred onto MS medium containing 342 g/l (1 M) sucrose and 92 g/l (1 M) glycerol and 3 g/l Gelrite® (pH 5.6-5.8), also for 3 days.
Precultured beads were transferred to sterile foil boats and dried over silica gel for varying periods (0, 20, 60, 90 min). After each stage of preculture (i.e. after exposure to 0.4, 0.7 and 1 M sucrose and glycerol) and after each drying period, buds were removed from the beads and water content determined gravimetrically. Viability was assessed at each stage of preculture and after each drying period. In addition, a set of buds from the third stage of preculture (i.e. after preculture on 1 M sucrose/glycerol) was gradually exposed to decreasing concentrations of sucrose and glycerol (0.7 M and 0.4 M) for 3 days each, followed by plating on acclimation medium.
E. grandis axillary buds isolated from acclimation medium were also subjected to a modified sucrose/glycerol preculture adapted from Blakesley and Kiernan (2001) . Each preculture medium contained, in addition to MS nutrients, 3 g/l Gelrite®, 5 mg/l ABA and 0.4, 0.7 or 1 M of each of sucrose and glycerol. Buds exposed to the combination of ABA and increasing concentrations of sucrose and glycerol were also dried over activated silica gel for different periods (60, 90, 120, 150 and 240 min) followed by water content determinations and viability assessment before and after each drying period.
Microscopy
Electron microscopy was employed to examine the effects of the various treatments on E. grandis meristem cells in the axillary buds. Specimens were prepared for these investigations using a standard gluteraldehyde-osmium method and embedded in Spurr's resin (Spurr, 1969) . Ten buds from each of the following treatments were prepared for microscopy: a) control; b) dried (20 min over silica gel); c) ABA-pretreated (5 mg/l ABA for 5 days); ABA-pretreated (5 mg/1 ABA for 5 days) and dried (20 min over silica gel); sucrose/glycerol preculture (after 1 M preculture).
Ultrathin sections (60-80 nm) were obtained using a Reichert ultramicrotome, collected on 200 µm mesh copper grids and were stained with Reynold's lead citrate stain (Reynold, 1963) and 1% (w/v) uranyl acetate. The sections were viewed and photographed with a JOEL 100-S transmission electron microscope. A minimum of 5 buds were examined per treatment. In addition to general observations of ultrastructural changes, specific changes, e.g. increases or decreases in the number of amyloplasts and starch grains were recorded in a minimum of 5 cells per bud.
Replicates and statistical analyses
All treatments tested consisted of 20 buds and all experiments were repeated at least three times. Water content and viability data sets were arcsined-transformed because of departure from normality and heteroscadisity. General Linear Regression Model (GLM) analyses were then used to compare the effect of the different treatments on E. grandis. All tests were two-tailed with α set at 0.05. The starch data sets were analysed with the Student's t-test, also with α set at 0.05.
Results
Responses of control buds to drying
Changes in E. grandis bud water content and viability were determined in untreated buds and in buds dried for 20, 40 and 60 min over activated silica gel. Untreated buds were found to be highly hydrated (0.73 g/g [2.60 g/g] ± 0.02 g/g) (Fig. 1A) . There was, however, a significant decline in water content when the buds were exposed to activated silica gel for 20 min, declining to 0.37 g/g (0.5 g/g) ± 0.01 g/g) (F[3.62] = 244.68, p b 0.001), as shown in Fig. 1A . The percentage viability also decreased after the 20 min drying, from 90% ± 5% to 41.66% ± 1.66%, (F[1.32] = 516.24, p b 0.001) (Fig. 1B) .
Drying the buds for a further 20 min decreased the water content marginally to 0.31 g/g (0.45 g/g) ± 0.01 g/g (Fig. 1A) . Viability, however, continued to decline quite sharply, with only 10% ± 3% buds remaining viable after 40 min of drying (Fig. 1B) . After 60 min of drying, the buds reached a water content of 0.19 g/g (0.24 g/g) ± 0.02 g/g and experienced complete loss of viability ( Fig. 1A and B) . The vigour of surviving buds (i.e. the number of buds produced per surviving bud three weeks after drying and culturing) was also reduced in comparison with control buds; in three weeks dried buds produced an average of 1.4 ± 0.2 buds compared with control buds which produced 2 ± 0.1 buds in the same period. This indicated that surviving buds had incurred some damage.
Changes in response to exposure to silica gel were also detected at the ultrastructural level. The meristematic dome of control buds consisted of cells that were typically meristematic ( Fig. 2A and B) , with large prominent nuclei, many plastids and small vacuoles, mitochondria with dense matrices and well defined cristae, and distinct endoplasmic reticulum profiles which generally occurred in close proximity to the plasma membrane (Fig. 2B) . In contrast, dried buds possessed a mosaic of lethally damaged, moderately damaged and intact cells (Fig. 2D) . Intact cells were similar to cells in control buds, while moderately damaged cells (Fig. 2C ) displayed slight plasma membrane withdrawal as well as dedifferentiation of mitochondrial cristae and increased transparency of mitochondrial matrices. Lethally damaged cells, however, were characterized by chromatin clumping, very little subcellular structure and severe plasma membrane separation.
3.2. Abscisic acid pretreatment 3.2.1. Responses of shoot clusters to ABA pretreatment Shoot clusters were adversely affected by 10 mg/l ABA. Those clusters presented leaf yellowing from day 3; by day 5 the clusters had an average of 10 yellow leaves and 3 brown leaves and by day 10 there were 10 yellow and 8.5 brown leaves. In contrast, shoot clusters cultured on 2.5 and 5 mg/l exhibited initial signs of toxicity and stress after 6 days. By day 10, clusters maintained on 2.5 mg/l ABA had an average of 4.5 yellow leaves and 4 brown leaves while clusters on 5 mg/l had 7.5 yellow and 6 brown leaves. Therefore, 5 mg/l ABA was selected, with a treatment period of 5 days.
Effects of ABA pretreatment and drying
Abscisic acid-pretreated buds showed a significant improvement in viability, which increased from 42% ± 2% to 65% ± 7% after 20 min of drying (Fig. 3B) , compared with that of untreated buds dried for the same period. Analysis of the average water content after different drying periods (20, 40 and 60 min) indicated that this increase in viability was likely due to an increased ability of the cells to resist water loss after treatment with ABA; the average water content after 20 min of drying was significantly higher in ABA-pretreated buds (0.47 g/ g (0.85 g/g) ± 0.01 g/g compared with untreated buds (0.37 g/g (0.57 g/g) ± 0.01 g/g) (F[3.62] = 405.6, p b 0.01) (Fig. 3A) . The greater resistance to water loss was also observed in ABA- (Fig. 3A) . However, the viability of the buds after 40 and 60 min of drying was not significantly altered despite the significantly higher water content achieved after these periods.
In addition to changes in water content and viability, the effects of ABA pretreatment were also observed at the ultrastructural level. Although the meristem cells of undried ABA-pretreated buds appeared similar to those of control buds ABA-pretreated buds showed an accumulation of phenolics in the outer layer of the meristematic dome of ABA-pretreated buds (not shown). Abscisic acid-pretreated cells also displayed an increased number of starch grains compared with control cells, despite having similar numbers of amyloplasts per cell (1 ± 0.5 and 1 ± 0.3). Specifically, ABA-pretreated cells were observed to have a significantly greater number of starch grains per amyloplast (2 ± 1.3) than cells in control buds (1 ± 0.9) (p b 0.001). The accumulation of starch grains was also noted in badly damaged, ABA-pretreated E. grandis cells after drying (not shown). However, ABA-pretreated buds appeared to have a higher proportion of intact cells and fewer extensively damaged cells than the control buds.
Osmotic preculture and drying
Apart from an initial, statistically significant decline in the water content of E. grandis buds from 0.71 g/g (2.4 g/g) ± 0.01 g/g to 0.61 g/g (1.5 g/g) ± 0.01 g/g during 0.4 M sucrose/ glycerol preculture (F[3.31] = 40.8, p b 0.001), there were no further significant changes in water content (Fig. 4A) . The viability of the buds was also not significantly affected at any stage of the preculture treatment (Fig. 4B) . In contrast, the vigour of E. grandis buds was affected, with no new buds produced three weeks after exposure to 1 M sucrose/glycerol preculture treatment compared with encapsulated control buds which produced an average of 1.8 ± 0.5 buds in that time.
Ultrastructurally, sucrose/glycerol preculture did not result in any significant changes in the meristem cells (Fig. 5A and B) in comparison with cells in control buds ( Fig. 2A and B ). There were, however, some subtle changes such as mitochondrial clearing (Fig. 5C) ; the cristae were also less distinct than in mitochondria in control cells. In addition, there appeared to be an increase in the number of visible Golgi bodies (Fig. 5D ) and the cisternae of the endoplasmic reticulum also appeared more distinct than in control cells.
Drying sucrose/glycerol precultured E. grandis buds for between 20 and 60 min resulted in a decrease in the water content of the buds, although not significantly; the water content remained between 0.51 g/g (1.0 g/g) ± 0.03 g/g and 0.43 g/ g (0.8 g/g) ± 0.03 g/g (Fig. 6A) . Viability also declined from 81% ±1% to 53% ± 3% (Fig. 6B) . However, drying the buds for a further 30 min (total drying time of 90 min) resulted in a drastic decline in both water content and viability, to 0.31 g/g (0.45 g/g) ± 0.02 g/g (Fig. 6A ) and 5% ± 3% (Fig. 6B) , respectively. In comparison, the inclusion of 5 mg/l ABA in the sucrose and glycerol preculture media resulted in a distinct increase in the ability of the buds to resist water loss.
Buds precultured with sucrose/glycerol and ABA maintained a higher water content of~0.45 g/g (Fig. 6A ) and a viability of 45% (Fig. 6B) , for up to 150 min drying. In comparison, the water content of buds precultured on sucrose/glycerol alone declined to 0.31 g/g (0.45 g/g) ± 0.02 g/g and viability was reduced to 5% ± 2% after 90 min drying.
Discussion
Although in vitro axillary buds are generally considered ideal explants for the cryopreservation of clonally propagated material, they usually require extensive drying prior to exposure to freezing temperature in order to minimize freezing injury. However, as demonstrated in this study, adequate desiccation (whilst maintaining viability) may not always be easily achieved, owing to the susceptibility of the buds to desiccation injury. Unencapsulated E. grandis buds dried over activated silica gel were intolerant of water loss beyond 0.3 g/g (0.45 g/g) (Fig. 1A) , a water content that may be too high to permit successful cryopreservation. Those buds also displayed a high degree of cellular damage (Fig. 2C and D) which corresponded well with the observed decline in viability (Fig. 1B) . Surviving buds also displayed a reduction in vigour, which could have been due to metabolic disfunction and unabated respiration as a result of damage to mitochondria, as proposed by Leprince et al. (2000) .
Sucrose/glycerol precultured, encapsulated buds also experienced a decline in viability when dried to a water content of approximately 0.3 g/g (0.45 g/g) ( Fig. 4A and B) . Hence, this method was unsuitable for preparing E. grandis buds for cryopreservation.
ABA preculture also did not depress the minimal water content tolerated by the buds. Abscisic acid-pretreated, unencapsulated buds and buds precultured on sucrose/glycerol preculture media containing ABA and subsequently encapsulated lost viability once the water content of 0.3 g/g (0.45 g/g) was attained (Figs. 3A and B and 6A and B) . It is, therefore, proposed that with silica gel as the desiccating agent, and at ambient environmental conditions, 0.3 g/g (0.45 g/g) is the 'critical water content' of E. grandis in vitro axillary buds.
It is also suggested that the use of activated silica gel is a more suitable method for drying delicate structures such in vitro axillary buds than the slower methods such as equilibrium drying (a separate study conducted in our laboratory demonstrated the detrimental effects of drying the buds over saturated K 2 PO4 [96% relative humidity] and K 2 SO4 [97.5% relative Fig. 2A and B] ). However, sucrose/glycerol precultured cells displayed an apparent increase in the thickness of the cell wall (as seen in [C] and [D] ), which was attributed to the accumulation of sucrose in the walls. An increased number of Golgi bodies and er was also observed, suggesting increased protein synthesis. Abbreviations: cw = cell wall; er = endoplasmic reticulum; gb = Golgi body; m = mitochondrion; n = nucleus; nu = nucleolus; v = vacuole; p = proplastid. humidity] [results not shown]). Indeed, the rate of water loss by the buds during 20 min drying over silica gel is comparable with the rate of water loss achieved by other methods such as flash drying in more developed structures such as excised embryonic axes (Wesley-Smith et al., 1992; Wesley-Smith et al., 2001) . This is supported by the fact that unencapsulated E. grandis buds lost approximately 50% of their water content within 20 min of exposure to silica gel (Fig. 1) , a rate of water loss similar to that achieved by Wesley-Smith et al. (2001) .
Abscisic acid, however, significantly reduced the rate of water loss from unencapsulated buds (Fig. 3A) and encapsulated, sucrose/glycerol precultured buds (Fig. 6A ) and consequently permitted the maintenance of viability for substantially longer periods than buds that were untreated with ABA (Figs. 3B and 6B ). This was similar to the findings of Reynolds and Bewley (1993) , who reported a decrease in the rate of water loss and a concomitant increase in survival of Polypodium virginianum fronds following ABA preculture.
The differences in rate of water loss in E. grandis, together with the ultrastructural changes observed in ABA-precultured buds (i.e. phenolic accumulation and the increased amount of starch) indicated that E. grandis buds, although intolerant of water loss beyond 0.3 g/g, had the ability to activate one or more ABA-dependent cellular protective mechanisms which promoted the resistance of the buds to water loss. This suggested the reliance of E. grandis buds on a stress avoidance strategy, as described by Bewley and Oliver (1992) , since it appeared that the buds were able to buffer themselves against rapid water loss and hence, avoid desiccation injury. This was substantiated by the fact that unencapsulated, ABA-pretreated buds possessed more intact cells with minimal damage after 20 min of drying than control buds. The vigour of unencapsulated, ABApretreated buds dried for 20 min provided further evidence of improved stress resistance, since those buds recovered much faster and produced more new buds in the three week postdrying period than did ABA-pretreated, non-dried buds. It is, however, possible that the higher vigour displayed by the ABApretreated, dried buds was due to improved repair mechanisms which could also have been triggered by ABA.
The exact mechanisms of protection and/or repair that may have been triggered by ABA were not determined conclusively in this study. Nevertheless, there was a strong indication of ABA-induced up-regulation of carbohydrate production, evidenced by the increased number of starch grains in the amyloplasts of ABA-pretreated cells. This suggested that the primary mechanism of increased resistance could be due to an increase in the osmotic potential of the cytoplasm as a result of sugar and/or protein accumulation, as proposed by Pence et al. (2005) . It is also possible that ABA may have triggered the accumulation of proline, since it has been reported that ABA does, indeed, trigger such a response in E. grandis (Souza et al., 2004) .
The interaction between ABA and sugar response pathways was also demonstrated. Buds that were precultured on sucrose/ glycerol media supplemented with ABA and subsequently dried over silica gel presented an increased resistance to water loss. Those buds remained viable for 60 min longer than buds precultured on sucrose/glycerol alone. Such synergistic effects of sucrose and ABA are well documented (e.g. Anandarajah and McKersie, 1990; Xu and Bewley, 1991; Rook et al., 2006) . Rook et al. (2006) suggested that the improvements in stress tolerance when these pretreatment strategies are combined is the result of the simultaneous accumulation of osmotically active substances in the response to osmotic preculture, which is further upregulated by ABA. This strategy may have also increased the de novo synthesis of protective proteins, e.g., soluble LEA and LEA-like proteins which is known to be triggered by the presence of ABA (Tunnecliffe and Wise, 2007) . Similarly, proline accumulation may have been triggered, as reported by Verslues and Bray (2006) in Arabidopsis.
It is therefore likely that the increased resistance of E. grandis in vitro buds to dehydration stress was a result of cumulative effects, demonstrating clearly that ABA and sugar response pathways do exist in this species. However, the exact nature of protection afforded by sucrose and ABA must still be determined.
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